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Early Amygdala Reaction to Fear Spreading
in Occipital, Temporal, and Frontal Cortex:
A Depth Electrode ERP Study in Human
been associated with facial expression processing, par-
ticularly the superior temporal sulcus (STS) (Allison et
al., 2000) and the orbitofrontal cortex (OFC) (Blair and
Cipolotti, 2000). Up to now, the temporal course and
the possible sequence(s) of the involvement of these
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structures remain poorly described. However, this infor-France
mation is crucial to understand the precise role of these2 INSERM Unite´ 280
brain structures in emotion processing. Scalp event-151 cours Albert Thomas
related potential (ERP) studies present some discrep-69424 Lyon cedex 04
ancy in terms of latencies and source locations of dif-France
ferential responses to facial expressions. Some have3 Federative Neuroscience Institute of Lyon
reported late latency differential activities after 300 msUniversite´ Claude Bernard Lyon 1
in fronto-central (Carretie and Iglesias, 1995; Munte et69003 Lyon
al., 1998) or temporal (Krolak-Salmon et al., 2001) areas.France
Others have found earlier specific responses in frontal
(Eimer and Holmes, 2002) or temporal (Batty and Taylor,
2003) areas. Magnetoencephalographic and single-neu-Summary
ron studies in human have shown a temporal spreading
of activities related to emotional versus neutral facesThe amygdala involvement in fear processing has been
from 100 ms to more than 500 ms poststimulus, particu-reported in behavioral, electrophysiological, and func-
larly in the amygdala and the OFC (Kawasaki et al., 2001;tional imaging studies. However, the literature does
Streit et al., 1999, 2001). Since all emotions do not implynot provide precise data on the temporal course of
the same behavioral consequences, one may askfacial emotional processing. Intracranial event-related
whether a temporal hierarchy exists in processing thepotentials to facial expressions were recorded in epi-
different facial expressions. Does the processing timeleptic patients implanted with depth electrodes during
course differ across emotions?a presurgical evaluation. Specific potentials to fear
We present the first study of human intracranial ERPsbeginning 200 ms poststimulus were observed in
to facial expressions recorded in visual, limbic, andamygdala, both individually in two patients and in a
paralimbic structures. This technique combining veryten patient population study. These potentials oc-
good spatial and temporal resolutions is particularlycurred 100 ms earlier than potentials to disgust re-
well adapted to address such anatomical and temporalcorded in insula in a previous study. Potentials to fear
questions concerning human emotion processing (Gross-were confined in amygdala during a first transient pe-
man and Gotman, 2001). ERPs to facial emotional ex-riod and then, during a second period of sustained
pressions were recorded using depth electrodes in 20activity, spread to occipito-temporal, anterior tempo-
drug refractory epileptic patients as a part of their pre-ral, and orbitofrontal cortex in two patients. This study
surgical evaluation. The recording of these potentials isclarifies the temporal course of the involvement of
part of the functional mapping of eloquent brain struc-these structures known to be part of a neural network
tures that is performed routinely before epilepsy surgeryrecruited to process emotional information.
in patients implanted with depth electrodes. The proce-
dure does not per se add any risk to the presurgicalIntroduction
evaluation. Ten patients out of the 20 recorded were
excluded from the study, because paroxystic epileptic
Numerous studies have demonstrated an impairment of discharges occurred in the recorded amygdala in more
emotional recognition in several diseases, particularly than 50% of their trials. The studied group was com-
schizophrenia (Silver et al., 2002), Huntington’s disease posed of the other ten patients who performed less than
(Sprengelmeyer et al., 1996), frontotemporal dementia 50% trials with concomitant epileptic discharges. An
(Lavenu et al., 1999; Rosen et al., 2002), and right tempo- extensive description of brain structures explored by
ral lobe epilepsy (Meletti et al., 2003). Since this deficit depth electrodes and areas found to be involved in sei-
may cause behavioral and social disorders, it is crucial zure propagation is given in Table 1. In only four patients
to understand the neural processes involved in facial of the study group (patients 1–4), the signal recorded in
expression recognition. Neuroimaging studies have the amygdala did not present epileptic abnormality.
demonstrated the involvement of individual neural net- Their amygdalae were not considered as epileptogenic
works in specific facial expression processing. Thus, and we will call these four recorded amygdalae “healthy
amygdala processes mostly threatening messages like amygdalae.”
fear or anger (Calder et al., 2001; Morris et al., 1996), Our goal was to study the electrophysiological re-
whereas ventral anterior insula is involved in disgust sponses to facial emotional expressions in amygdala,
analysis (Krolak-Salmon et al., 2003a; Phillips et al., occipital, temporal, and frontal cortex. Patients were
1997; Wicker et al., 2003). Activation of other areas has engaged in two successive tasks. The first task was an
implicit recognition task requiring attention to gender
(AG) by asking the patient to mentally count males or*Correspondence: pierre.krolak-salmon@chu-lyon.fr
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Table 1. Patients and Investigations
Speech
Side of Dominant # of # of Structures Ictal Discharge % Trials without
P Focus Hemisphere Seizures Electrodes Explored Onset Propagation Discharge
1 right left 3 13 A,ACG,AG,F2, T3,T2 TP,T1,F2,F3 100%
F3,H,I,OF,PH,
STG,T1,T2,TP
2 right left? 4 13 A,FG,H,LG,T1, H A,I,T2,T3 100%
T2,SMG
3 right left 2 10 A,HG,I,T1, H A,TP,I 100%
T2,T3,T4
4 left left 3 12 A,F2,F3,F4,FO, outside exploration I,SMA 100%
H,I,SMA,T1,T2 (parietal)
5 left left 3 11 A,FO,H,LG,OF, T3 FO,PH,A,H 74%
T1,T2,T3
6 right right 4 8 A,FG,H,I,LG, TP,T2,T3 A,H 80%
PCG,T1,T2,T3
7 left left 5 10 A,AG,FG,FO,I, A,H TO,AG,T1, 67%
PO,T2,T3,TP PO,I
8 right left 9 12 A,ACG,F2,F3, H,A TP,AH,PH,T5, 75%
FO,FP,H,T1, T2,T3,T1,
T2,TP PCG,ACG,F3
9 right left 3 9 A,ACG,FG,FP,H, H,A I,T1,PO 79%
OF,PO,T1,
T2,T3
10 left left 2 11 A,ACG,FG,FP,H, H,A TP,OF,FP 75%
SMA,T1,T2,
T3,TP
The structures listed in alphabetic order in the column Structures Explored and according to their sequential temporal involvement during
discharges in the column Propagation. A, amygdala; ACG, anterior cingulated gyrus; AG, angular gyrus; F2, 2nd frontal gyrus; F3, 3rd frontal
gyrus; FG, fusiform gyrus; FO, frontal operculum; FP, frontal pole; H, hippocampus; HG, Heschl’s gyrus; I, insula; LG, lingual gyrus; OF,
orbitofrontal cortex; PCG, posterior cingulated gyrus; PO, parietal operculum; SMA, supplementary motor area; SMG, supramarginalis gyrus;
T1, 1st temporal gyrus, T2, 2nd temporal gyrus; T3, 3rd temporal gyrus; T4, 4th temporal gyrus; TP, temporal pole.
females among neutral, fearful, happy, disgusted, and mance was 88% (6%) correct in the AE task. In each
patient, three contacts were lying in the amygdala. Twosurprised human male and female faces (Ekman and
Friesen, 1976). The second task, using the same faces, recorded amygdalae were on the right side (patients 1
and 3) and two were on the left side (patients 2 and 4).was an explicit emotion recognition task requiring atten-
tion to expression (AE) by counting surprised faces. Six Averaged Evoked Responses
Figure 1 presents the averaged ERPs to faces express-blocks of 40 randomized stimuli were presented in
each task. ing fear, happiness, disgust, or no emotion (neutral
Since intracranial electrophysiological recordings in faces) recorded in the amygdala of each of the four
human require individual depth implantation, we have patients and the grand average of the four patients’
studied individual responses in the four patients with responses in the AE task and in the AG task. Late latency
healthy recorded amygdala. To test the validity of the responses were also observed in the AE task at the
individual findings, we have also studied the grand aver- occipito-temporal junction in patient 2 (right lingual gy-
aged responses from the ten selected patient amygda- rus, BA19, and right lateral occipital [LO] cortex, BA37),
lae. Because of the variability of the implantation loca- in the anterior temporal lobe (right STS, BA 21 22, in
tion in cortical areas, cortical responses could not be patient 1 and right middle temporal gyrus [MTG] [BA 21]
averaged across patients. in patient 2), and in OFC (BA 11) in patient 1 (Figure 2).
Amygdala potentials averaged separately from the
Results first three blocks and the last three blocks are shown
Figure 3.
Statistical analyses were performed on single trial re- Statistical Analysis
sponses in individual studies of the four patients. In the Statistical analyses were performed on single trial po-
group study, they were performed on individual aver- tential amplitudes at all amygdala contacts in the 4 pa-
aged responses. To test a possible habituation effect, tients on successive contiguous 100 ms time windows
the first three block responses were compared to the from 0 ms to 1400 ms of latency. In the AG task, no
last three block responses in the patients with healthy effect was observed in any of the patients. In the AE task,
amygdala. the effect of the factor “emotion” (tested by ANOVA) was
significant in two of the four patients (patients 1 and 2)
and almost reached significance in the other two pa-Results in the Four Patients
with Healthy Amygdala tients (patient 3, p  0.06 ; patient 4, p  0.07).
The significant effect of factor emotion appeared be-Behavioral Performance
In the AG task, the mean performance of the 4 patients tween 200 and 300 ms after stimulus onset exclusively
at the amygdala contacts in patients 1 and 2 (Figure 1,was 98.7% (1%) correct, whereas their mean perfor-
Fear Processed Faster than Disgust
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Figure 1. Fear Effect in the Amygdala in the
Attention to Expression Task
(A–D) For each patient (1–4) are depicted
ERPs to each emotional expression (color-
coded) recorded at the amygdala contact
showing the largest fear effect. This contact
(black circle) is depicted on each patient’s
axial MRI slice (R, right; L, left) (center of the
figure). Responses to fear were statistically
different in patients 1 and 2 during two time
periods (indicated by * and **), but not in pa-
tients 3 and 4. In patients 1 and 2, the con-
tacts exhibiting a significant fear effect during
each period are depicted in black circles on
axial MRI insets. The white circles depict con-
tacts without any fear effect.
(E) The grand averaged ERPs from the 4 pa-
tients (patients 1–4) to each emotional ex-
pression show statistically different responses
to fear between 200 and 800 ms poststimulus
in the attention to expression (AE) task. In
contrast, no significant emotion effect was
observed in the 4 patients grand average
ERPs in the attention to gender (AG) task.
Vertical dotted lines show the limits of the
time windows with specific responses to fear.
Curves are low-pass filtered at 20 Hz.
Table 2). Post hoc paired Fisher tests between emotions Because of the proximity of the contacts lying in the
amygdalae and Talairach coordinates being close (P1showed that responses to fear were significantly differ-
ent from those to other emotions in this time window [18, 2, 20], P2 [17, 8, 19], P3 [16, 3, 18], P4
[18, 6, 14]), the responses recorded in the amyg-and that there was no difference between the amplitudes
related to the other emotions. Notice in Figure 1 that dala contacts of the four patients were averaged (Figure
1). ANOVAs performed for pooled single trial potentialthis effect remained localized at only one contact in
patient 2 and only three contacts in patient 1. amplitudes of the four patients showed a significant
main effect of emotion between 200 and 800 ms poststi-At later latencies varying from 300 to 1300 ms, a signif-
icant effect of the factor emotion was observed variously mulus (p  104). Post hoc Fisher tests showed signifi-
cant differences between amplitude responses to fearin patients 1 and 2 (depending on electrode implanta-
tion) at electrode contacts lying in amygdala, occipito- and each of the other emotions (p  104 in each con-
trast fear versus other expression).temporal areas (LO area, lingual gyrus), anterior tempo-
ral cortex (MTG, STS), and OFC. Post hoc paired Fisher To test a possible habituation effect, ANOVA was per-
formed with emotion as a first factor (4 levels) and “pre-tests between emotions showed differences mainly be-
tween fear and other expressions during different time sentation rank” as a second factor (2 levels: first three
blocks/last three blocks) on pooled single trials of thewindows after 300 ms of latency, and occasionally be-
tween ERPs to other facial expressions (Table 1). The four patients between 200 and 800 ms poststimulus.
In the AG task, no significant effect was observed. Byemotion effect approached significance in contacts ly-
ing in patient 3 amygdala between 300 and 800 ms contrast, in the AE task, the effect of the factor emotion
was significant (p 104), no effect of the second factor(ANOVA, p  0.06) and in patient 4 between 300 and
400 ms (ANOVA, p  0.07) (Figure 1). presentation rank was found, but a significant interac-
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Figure 2. Spreading of the Fear Effect in the
Attention to Expression Task
Rows 1 to 3: ERPs to each emotional expres-
sion (color-coded) recorded at the contact
showing the largest fear effect in explored
structures are displayed next to the corre-
sponding coronal MRI inset of patients 1 and
2. Black circles depict contacts with signifi-
cant fear effect, white circles depict contacts
without any fear effect. Vertical dotted lines
show the limits of the time windows with sta-
tistically different responses to fear. Curves
are low-pass filtered at 20 Hz.
At the bottom of the figure, the electrode con-
tacts with a significant fear effect are pro-
jected on typical sagittal and axial brain MRI
slices (F, front; L, left; R, right). Each electrode
contact is represented by a symbol (plus sign
in orbitofrontal cortex [OFC], filled circle and
filled triangle in superior temporal sulcus
[STS] in patient 1, square in lateral occipital
cortex [LO], hatch mark in middle temporal
gyrus [MTG], and open circle in lingual gyrus
in patient 2).
tion between both factors was disclosed (p  102). Statistical Analysis
Statistical analyses were performed on amplitudes ofPost hoc t tests showed significant larger responses to
fear in the three first blocks than those in the three last individual averaged responses to each facial expres-
sion.ones (p  0.04) (Figure 3).
In the AE task, ANOVA with emotion as a factor (4
levels) and “subject effect” as random effect was per-Results in the 10 Patient Group
Behavioral Performance formed on sequential contiguous 100 ms time windows
from 0 to 1400 ms of latency. An emotion effect wasIn the AG task, the mean performance of the 10 patients
was 96% (6%) correct, whereas it was 81% (10%) observed on each 100 ms time window from 200 to 800
ms (p  102) and on the 200–800 ms time window (p correct in the AE task. This performance was not statisti-
cally different from the mean performance of the four 104). Post hoc paired t test showed that fear responses
significantly differed from all other expressions on thesepatients with healthy amygdala.
Grand Averaged Responses time windows (on the 200–800 ms time window, p 
0.01 for the contrasts fear/disgust, fear/happiness, fear/Figure 4 presents the grand averaged responses to each
facial expression across the whole study group (ten pa- neutral; NS for the other contrasts, disgust/happiness,
disgust/neutral, and happiness/neutral).tients) in the task AE and in the AG task.
Fear Processed Faster than Disgust
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Figure 3. Habituation of Amygdala in the 4
Patient Group
Grand averaged ERPs from the four healthy
amygdalae, separately averaged from the
first three blocks (B1–B3) and from the last
three blocks (B4–B6) in the attention to ex-
pression task. Responses to fear were signifi-
cantly different between 200 and 800 ms
poststimulus for B1–B3 (ANOVA: ****p 
104). The fear effect just reached signifi-
cance between 300 and 800 ms for B4–B6
(ANOVA: *p 0.05). Vertical dotted lines show
the limits of the time windows with specific
responses to fear. Curves are low-pass fil-
tered at 20 Hz.
In the AG task, ANOVAs with emotion as a first factor more than 1 s in individual recordings. Other brain areas
explored in this population, occipito-temporal, anterior(4 levels), “target/nontarget” (men or women according
to the series) as a second factor, and subject effect as temporal, and orbitofrontal cortex, also disclosed the
fear effect, but slightly later, i.e., from 300 to 1300 ms ofrandom effect was performed on successive contiguous
100 ms time windows from 0 to 1400 ms of latency. An latency. When attention was paid to gender, differential
activity related to implicit processing of facial expres-emotion effect was observed from 600 to 800 ms (p 
102). Post hoc paired t test showed that both fear- and sions was also recorded in amygdala, but at longer la-
tencies, between 600 and 800 ms.disgust-related responses significantly differed from
both neutral- and happiness-related responses during
these time windows (p 0.04 for fear/neutral, fear/hap- Amygdala Reacts to Fear as Early as 200 ms
piness, disgust/neutral, and disgust/happiness con- Lesion studies, functional neuroimaging, and electro-
trasts; NS for fear/disgust and happiness/neutral). No physiological or magnetoencephalographic studies
significant effect target/nontarget (p  0.1 on each 100 have pointed out the implication of amygdala in fear
ms time window between 0 and 1400 ms) and no interac- processing (Adolphs, 2002b). Only magnetoencephalo-
tion between the factors emotion and target/nontarget graphic studies have provided temporal data (Adolphs,
(p  0.4 on each 100 ms time window between 0 and 2002b; Ioannides et al., 2000; Kawasaki et al., 2001; Liu
1400 ms) was observed. Since no target/nontarget effect et al., 2002; Streit et al., 1999, 2003). However, the limited
was observed, target and nontarget responses (men spatial resolution of this technique cannot distinguish
and women face responses) to each expression were between activity within amygdala and activity in adja-
pooled in further statistical analyses. So, the number cent structures. Intracranial recordings using depth
of analyzed trials and thus the sensitivity of the study electrodes combine optimal spatial and temporal reso-
became similar in both tasks. lutions and provide a unique opportunity to explore the
As five patients were implanted in right amygdala and dynamic processing in cortical and deep brain struc-
five patients in the left one, responses were compared tures, particularly limbic ones. The fear effect recorded
using ANOVA with emotion as a first factor, “implanta- in our study between 200 and 300 ms was confined to
tion side” as a second factor, and subject effect as few contacts within amygdala. This spatial selectivity
random effect on sequential contiguous 100 ms time demonstrates the proximity of the source of the specific
windows from 0 to 1400 ms of latency in both AG and responses to fear in this time window, very likely located
AE tasks. No implantation side effect was observed. in amygdala itself. The fear effect started 200 ms after
As the emotion effect was observed in the AE task stimulus onset, i.e., 100 ms earlier than the “disgust
in both the 4 patient group and the 10 patient group effect” described recently in the ventral anterior insula
analyses, we performed a separate group analysis for (Krolak-Salmon et al., 2003a). This large delay may fit
the 6 patients (patients 5 to 10). We have retrieved a with the necessary rapid reaction to aversive stimuli
similar fear effect on this 6 patient group (ANOVA with reflecting the survival adaptation to urgency (Adolphs,
emotion as a factor and subjects as random effect: p  2002b; Hitchcock and Davis, 1991).
5  102 on 100 ms time windows from 200 to 800 ms). A rapid, direct thalamo-amygdala route has been dis-
cussed in literature. Indeed, neuroimaging data demon-
strate amygdala activation during subliminal exposureDiscussion
to fearful faces, using masked stimuli (Morris et al., 1999;
Vuilleumier et al., 2002; Whalen et al., 1998), stimuli pre-In this study, emotional expressions highlight significant
amplitude differences between ERPs to fearful faces sented in a cortically blind field (Morris et al., 2001), or
neglected stimuli (Vuilleumier et al., 2002). It has beenand those to other emotional faces as soon as 200 ms
poststimulus in human amygdala. The fear-related activ- postulated that this direct visual pathway may prime
amygdala activity in response to fearful faces (Armonyity was significantly different when attention was paid
to facial expression in both individual recordings of two et al., 1995; LeDoux, 2000; LeDoux et al., 1990) and may
reduce the latency of evoked responses in amygdala.patients with healthy amygdala and in the whole 10
patient group. We will call this differential activity related However, this rapid route has been only demonstrated
for auditory pathways (LeDoux et al., 1990) and remainsto fear facial expression the “fear effect.” This fear effect
persisted till 800 ms in the studied group and lasted to be documented for visual information. Our intracranial
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ERP study does not provide any electrophysiological
correlates of this putative very early activity. Indeed, the
differential activity related to fear begins 200 ms after
stimulus onset in amygdala. Even if drug treatment might
delay the latency of ERPs (Allison et al., 1999), the amyg-
dalar potential latencies we recorded are inconsistent
with activation of such a direct thalamo-amygdalar vi-
sual activation.
We are aware that all patients of the present study but
one were recorded on the more damaged hemisphere,
which can be related to a possible failure to observe
earlier effects. However, no earlier response to facial
expressions was disclosed in the patient recorded in
the healthy hemisphere. It is possible that the patients
with right temporal lobe epilepsy (TLE) do not quite nor-
mally recognize facial expressions, as shown by Meletti
and colleagues (Meletti et al., 2003). Nevertheless, we
did not observe any difference between the ERPs in
right and left TLE patients.
The literature does not provide any evidence of fear-
related activity in amygdala before 100 ms of latency,
when V1 is already activated. As shown by magneto-
encephalographic studies, differential activity between
emotional expressions and neutral faces is related to
amygdala after 100 ms of latency (Liu et al., 2002; Streit
et al., 1999, 2003), whereas coupling between amygdala
and cortical areas involved in face processing occurs
after 200 ms (Ioannides et al., 2000). These latencies
are much later than expected from a direct thalamo-
amygdalar activation, if one considers that first visual
responses occur with a latency of only 40 ms in human
lateral geniculate nucleus (Krolak-Salmon et al., 2003b).
It also remains unclear whether the thalamus can pro-
vide sufficient information concerning facial emotional
expressions to nonstriate cortex. In our study, the differ-
ential activity related to fear recorded in amygdala oc-
curs later than the occipito-temporal N170 related to
superordinate categorization of visual objects (Allison
et al., 1994). In monkey, single neurons in temporal lobe
encode information about the emotion later than infor-
mation about superordinate categories—a stage en-
abling distinguishing between faces and nonface ob-
jects (Sugase et al., 1999). Thus, our results are best
explained by a critical cortical occipito-temporal pro-
cessing of facial emotional expressions.
The Spreading of the Fear Effect
Specific responses to fear were not restricted to amyg-
dala, as they occurred later in LO region, lingual gyrus,
anterior STS/MTG, and OFC. These regions are known
to be involved in face processing (Hasselmo et al., 1989;
Haxby et al., 2000; Kanwisher et al., 1997; Pessoa et
al., 2002a). Occipito-temporal cortex, anterior temporal
cortex, amygdala, and OFC are known to process also
facial emotional expressions (Adolphs, 2002b; Haxby et
al., 2000; Kawasaki et al., 2001; Pessoa et al., 2002b).
Involvement of the anterior STS/MTG cortex in our study
corroborates the representation of changeable aspects
of faces in this area (Haxby et al., 2000). In our study,
specific responses to fear were first recorded in amyg-
dala (after 200 ms), and secondly in occipito-temporal
visual regions (after 300 ms). This delayed implication
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of visual extrastriate cortex is consistent with the hy-
pothesis of a retrograde neuromodulation of amygdala
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Figure 4. Ten Patient Grand Averaged ERPs
An emotion effect was observed between 200
and 800 ms in the Attention to Expression
task (ANOVA: ***p  102) and between 600
and 800 ms in the Attention to Gender task
(ANOVA: **p  102). Vertical dotted lines
show the limits of the time windows with spe-
cific responses to fear. Curves are low-pass
filtered at 20 Hz.
on the ventral visual system (Morris et al., 1998a; Pessoa in accordance with previous studies showing implicit
et al., 2002a). After 500 ms of latency, specific responses processing of facial emotions in amygdala (Critchley et
to fear were also observed in OFC, while a sustained al., 2000; Iidaka et al., 2001; Morris et al., 1996, 1998b).
specific activity was still recorded in amygdala. Single The differential activity related to facial expression in
neuron activities related to aversive stimuli and sup- the implicit task (AG task) in our study occurred after
posed to be automatically driven were recorded in ven- 600 ms. That does not confirm the hypothesis of a sub-
tral prefrontal cortex as soon as 120–160 ms (Kawasaki cortical thalamo-amygdala route involvement, at least
et al., 2001). The fact that we observed in this region in this particular task. Numerous neuroimaging studies
activity much later than in the previous study and only have shown a strong reaction of amygdala to emotional
in the explicit AE task probably indicates that we are not stimuli when attention is not allocated to emotion (An-
dealing with the same aspects of emotional processing. derson et al., 2003; Critchley et al., 2000; Morris et al.,
Indeed, the responses to emotional stimuli recorded in 1996, 1998a; Vuilleumier et al., 2001). It is difficult to
OFC in the present study occurred when emotional facial state that subjects are engaged in an implicit processing
features were attended and were not driven automati- of emotional stimuli in these studies, since strategies
cally. These OFC responses rather reflect a top-down of subjects are not fully controlled in all these studies
processing dependent on the required attention. Whereas including ours. When stimulus presentation time ex-
orbitofrontal areas are intimately interconnected with ceeds a few hundred milliseconds, the subject may en-
amygdala (McDonald, 1998), it is not clear whether pre- gage different unconstrained processes, allocating at-
frontal cortex modulates activity in amygdala, or con- tention to certain aspects of the stimuli.
versely (Garcia et al., 1999). Of particular interest in our In our study, a much larger and earlier fear effect was
study is the long-sustained activity related to facial observed, especially in amygdala, when attention was
expression in brain structures involved in emotion pro- paid to facial expression. In a previous electrophysiolog-
cessing. These findings give strong support to the main- ical scalp study in normal subjects with the same AG/AE
tained cortical activity related to body sensory represen- protocol, we have found the same specific attention
tations that could be associated to emotional changes modulation of responses to facial expressions in right
(Damasio, 2003). occipito-temporal areas (Krolak-Salmon et al., 2001).
That fits with a recent study of Pessoa and colleagues
The Negativity Bias (Pessoa et al., 2002b) showing that specific responses
In our study, fear highly activated amygdala, occipital, to facial expressions in several brain regions including
temporal, and prefrontal cortex. Aversive stimuli are of- amygdala were observed only when sufficient attention
ten experienced as highly arousing and motivating, was allocated to the faces. In our study, both tasks
whereas pleasant stimuli induce varying degrees of
engaged attention on facial features. Thus, our results
arousal level and motivational value (Canli et al., 2000).
demonstrate that specific attention paid to different
In the psychology literature, this phenomenon is referred
messages conveyed by faces, here gender and emo-to the “negativity bias.” Such a bias possesses a strong
tional state, differently modulates amygdala and neocor-adaptive benefit. Amygdala responses are modulated
tical activities. Activation within ventral frontal cortexby the arousal level, hedonic strength, or current motiva-
have also been associated with performing both gender-tional value of stimuli (Zald, 2003). The predominance
decision and emotional explicit tasks and not with pas-of fear-related activity in the whole neural network in-
sive viewing of emotional expressions (Lange et al.,volved in emotional processing may represent the neu-
2003).robiological correlate of this bias. Interestingly, the spe-
Some limits must be added in the comments above.cific responses to disgust, less arousing than fear,
As the target frequency was different in the AG and AEremained very focalized in ventral anterior insula (Kro-
tasks, the comparison between the attention types inlak-Salmon et al., 2003a). That points out the discrep-
the two tasks is not entirely valid.ancy between the late-sustained processing of two
negative emotions, i.e., fear processing involving wide-
The Habituation of Amygdalaspread cortical areas and the more localized disgust
Statistical analysis showed an interaction between theprocessing. This variance is observed at a stage of facial
factor emotion and the rank of stimuli blocks. Amplitudeexpression recognition in multimodal areas—at the level
responses to fear were smaller in the second half of theof conceptual knowledge of the emotion—and not at a
experiment, thus disclosing an amygdala habituation topure perceptual analysis stage.
these aversive stimuli. That confirms earlier reports in
neuroimaging studies suggesting that unusual and novelThe Role of Attention
stimuli may engage amygdala processing (Breiter et al.,Specific responses to facial emotional expressions were
found in amygdala in both AG and AE tasks. This is 1996; Buchel et al., 1998; Fischer et al., 2003; LaBar et
Fear Processed Faster than Disgust
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al., 1998; Rotshtein et al., 2001). It has been proposed amygdalar nuclei groups seem to play different roles in
the processing of emotional information. On the onethat the amygdala’s responses may depend on the level
of arousal (Breiter et al., 1996). However, it remains un- hand, lateral amygdala activity may contribute to raise
the state of arousal during conditioned fear (Buchel etclear whether this habituation effect really depends on
the arousal level or simply on the novelty of the stimulus. al., 1998; Cain et al., 2002; Hitchcock and Davis, 1991;
LaBar et al., 1998). On the other hand, the internal andIndeed, a recent fMRI study showed that brain regions
involved in novelty detection and memory processing central amygdala may modulate the occipito-temporal
visual system to improve visual and emotional expertise,habituate at similar rates regardless of whether the face
in focus displays an aversive emotional expression or interact with attention involved prefrontal regions, rein-
force memory processes in hippocampus, and modulatenot (Fischer et al., 2003). This phenomenon may depend
once again on the level and the type of attention required brainstem and hypothalamic nuclei activity implement-
ing the emotional value (Fried et al., 1997, 2001; Kajiwaraby the task. The specific attention on facial emotional
expressions may explain the fact that the habituation et al., 2003).
effect concerned exclusively emotional faces, particu-
larly fearful faces in amygdala, and not neutral faces Lateralization
considered here as irrelevant stimuli. It is difficult to draw conclusions in terms of lateraliza-
tion, since our population of patients with healthy re-
corded amygdala is restricted. No statistical differenceThe Functional Link between
was observed in the responses to emotional faces be-Amygdala and Cortex
tween both groups of patients implanted in the rightThe amygdaloid region represents a heterogeneous
versus the left amygdala. That confirms the involvementconglomeration of nuclear groups (Swanson and Pe-
of both amygdalae in facial emotional processing. Later-trovich, 1998). The spatial resolution of human depth
alization of amygdala-related activity may depend onmacroelectrode recordings cannot precisely measure
the performed task, the current emotional state of thewhich amygdaloid nuclei react best to fearful faces.
subject, and the kind of strategy used, rather than on aHowever, several points suggest that the fear effect was
functional specialization between right and left amygda-generated in our study mostly in the internal nuclear
lae (Adolphs, 2002a).group and/or the central nucleus, as opposed to the
lateral nuclear group. First, we observed the fear effect
Conclusionmainly in the internal and central amygdala electrode
In conclusion, this study provides unique temporal datacontacts. Second, the latencies of the fear responses
concerning facial emotional processing in human amyg-were relatively long and these responses depended on
dala, occipital, temporal, and ventral prefrontal cortex.whether subjects attended to the emotional expression
First, amygdala appears to be involved in fear pro-of the face (AE task) or to the gender of the face (AG
cessing much earlier than insula in disgust processing,task). That suggests that they reflect one aspect of in-
which may correlate with mammals’ phylogenetic re-ternal processing rather than a pure amygdalar input
quirement. Second, amygdala is involved in both implicitactivity. Interestingly, we observed the fear effect in the
and explicit analyses of facial expression, but its activityorbitofrontal cortex, which projects to medially situated
is modulated by attention. The time course of amygdalaamygdaloid areas and provides little innervation to the
involvement and its dependence on the attended faciallateral nuclei. We did not observe the fear effect in other
features confirm the critical implication of corticalfrontal areas, particularly in dorsolateral areas. This is
pathway(s) for visual emotional stimuli. Further studiesin accordance with the fact that connections of the
are needed to disentangle the role of the bottom-upamygdala with orbitofrontal and medial prefrontal areas
visual information and the role of the top-down influenceare robust and bidirectional, whereas connections with
coming from prefrontal areas in amygadala aversive-lateral prefrontal areas are sparse and unidirectional
related activity.(Stefanacci and Amaral, 2002). Moreover, the middle
temporal gyrus interconnects with the medially situated
Experimental Proceduresnuclei and also with the lateral and basal nuclei. Projec-
tions to the central nucleus are particularly prominent
Patients
from anterior part of the superior temporal gyrus (Ste- Patients suffering from drug refractory temporal lobe epilepsy were
fanacci and Amaral, 2002). Connections with anterior stereotactically implanted with depth electrodes as part of a presur-
gical evaluation. The structures to be explored were defined on thevisual association cortex occupy overlapping territories
basis of ictal manifestations, electroencephalography (EEG), andwith the orbitofrontal cortex in the amygdala, suggesting
neuro-imaging studies. Event-related potentials (ERPs) recordingsa closely linked triadic network (Ghashghaei and Bar-
were performed as part of the functional mapping of the cortex atbas, 2002).
the end of the stereotactic EEG (SEEG) monitoring, once relevant
Our results confirm the functional link between the seizures had been recorded. According to the French regulations
amygdala, the visual occipito-temporal stream, and pre- concerning invasive investigations with a direct individual benefit,
patients were fully informed of the electrode implantation, SEEG,frontal areas, particularly OFC. They show that these
and ERPs recordings, and they gave their consent. At the time ofthree groups of regions belong to a temporally linked
ERP recordings, patients were under anti-epileptic monotherapytriangular network implicated in facial expression pro-
(valproate, carbamazepine, oxcarbazepine, lamotrigin, gabapentin,cessing, especially when specific attention is engaged.
clobazam, or clonazepam). Among a population of 20 patients re-
This intricate network may be recruited in cognitive corded in the amygdala, ten patients were excluded from the study,
tasks closely linked with emotional associations (Ghash- because more than 50% of their trials presented paroxystic epileptic
discharges in amygdala. The other ten patients constituted the studyghaei and Barbas, 2002; Kawasaki et al., 2001). The
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group. All ten patients but one (patient 2) were implanted unilaterally. to each face expression were also computed separately from the
first three blocks and the last three blocks.Patient 2 was recorded on both sides, but only the responses on
the left side were included in analyses, since more than 50% of
trials recorded on the right side presented paroxystic epileptic dis- Statistics
charges. Therefore, the ERP study was performed for only one Two different types of statistical analyses were performed: analyses
amygdala in each patient. Four of these ten patients (patients 1 to of single trial responses in individual studies of the four patients with
4) presented normal amygdala EEG signal. Patients 2, 3, and 7–10 healthy amygdalae and analyses of individual averaged responses in
were finally diagnosed with mesial temporal lobe epilepsy. Patient the group studies.
lateralization was determined by Edinburgh Handedness Inventory In individual studies, the mean amplitudes of single trial potentials
(Oldfield, 1971). Moreover, these patients were variously implanted to nontarget stimuli were calculated over contiguous 100 ms ep-
in occipito-temporal region, mesial and lateral temporal lobe, and ochs. Prior to statistical analysis, these single trial mean amplitudes
frontal cortex (Table 1). were screened for homogeneity of variance. Because the data met
the assumptions required for the analysis of variance, they were
entered as dependant variable in an analysis of variance (ANOVA)Stereotactic Implantation
for each task, emotion being a factor. Post hoc paired comparisonsCerebral angiography was first performed in stereotactic conditions.
between emotions were performed using Fisher tests.In order to reach the clinically relevant targets, the stereotactic
To determine the spatial extent of the effect, ANOVAs were per-coordinates of each electrode are calculated preoperatively on the
formed on contiguous contacts until reaching the absence of signifi-individual cerebral MRI previously enlarged at the angiography
cance. Greenhouse and Geisser correction was performed whenscale. The electrodes were implanted perpendicularly to the midsag-
necessary.ittal plane using Talairach’s stereotactic method (Talairach and Ban-
In the group studies, the same analyses were performed on aver-caud, 1973). Depth probes were 0.8 mm in diameter and had 5, 10,
aged individual responses instead of single trial responses.or 15 recording electrode contacts. Contacts were 2.0 mm long,
and successive contacts were separated by 1.5 mm. The accuracy
Acknowledgmentsof the registration procedure was about 2 mm, estimated from an-
other patient’s MRI obtained just after electrode explantation.
We wish to thank Pierre-Emmanuel Aguera for his useful assistance
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Stimuli and ERP Paradigm
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1976; Ekman et al., 1969). The pictures used are referred as EM, JJ,
PE, WF, C, MF, PF, and SW in the Ekman’s data set with 100%
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